
MOLECULAR PHYSICS, 2000, VOL. 98, NO. 23, 1991 ± 1993

RESEARCH NOTE

Buoyancy corrections for the potential of an impurity in a 4He
nanodroplet
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This paper presents correction terms for the e� ective potential for the translation and rotation
of an impurity atom or molecule solvated in a helium nanodroplet that were previously
published (LEHMANN,K.K.,1999, Molec. Phys., 97, 645) . The correction arises from changes
in the total He± He potential energy of the displaced liquid as a function of the solute position
within the droplet. For the alkali atoms, this buoyancy type correction removes the large
barrier to ejection of the atom from the droplets, which is predicted if this term is neglected.

Spectroscopy of atoms or molecules attached to, or
disolved in, nanometre-scale helium droplets has
recently become a ® eld of great activity [1]. Such dro-
plets have been called `The Ultimate Spectroscopic
Matrix’ owing to the relatively easy control which can
be exercised on their doping and the relatively narrow
ro-vibrational lines that solvated molecules can display
in them [2]. However, at present, we lack a successful
quantitative theory for these lineshapes, which often
contain a substantial inhomogeneous component [3].
In recent publications, analytic expressions were given
for the e� ective potential experienced by an impurity
atom, molecule [4] or ion [5] solvated in a nanometre-
scale liquid droplet. These potentials were derived with
the assumption that the solvation structure moves with
the impurity and that the changes in net solvation
energy come exclusively from the changes in the long-
range interaction of the impurity with the `missing’
helium outside the droplet. The resulting anisotropic
potentials, combined with the assumption of thermal
equilibrium, allowed the calculation of the spectrum of
`particle in a box’ translational states, the radial distri-
bution, and an estimate of the inhomogeneous contribu-
tions to spectral lineshapes.

One prediction of this model is that for all impurity
species, the centre of the droplet is at least a local mini-
mum of the potential energy, with a restoring force con-
stant for displacement from the centre proportional to
the impurity± He C6 coe� cient. This suggests that even
alkali atoms, which have a global minimum with the

atom bound to the droplet surface, could display long-
lived metastable interior bound states. From the derived
potential form, one could estimate, for a Na atom in the
interior of a droplet of 5 nm radius (¹11 000 He atoms),
that the barrier to ejection from the centre to the surface
would be on the order of 13 K, much higher than the
droplet temperature of 0:38 K. Once thermalized to such
a temperature, an interior atom would not be expected
to be able to overcome such a large barrier, which
exceeds even the energy required to evaporate a
helium atom from the droplet. Due to the weak binding
of He atoms to each other, the pick-up of atoms by the
droplets will likely initially lead to an interior location
resulting in at least some of the atoms being trapped
inside, as the droplets rapidly cool by evaporation.
However, no such interior bound alkali atoms have so
far been found in the observed spectra [6], suggesting
that the ejection barrier either does not exist or is sig-
ni® cantly lower than the above estimate.

This issue led the author to realize that a correction
term is needed to the previously published trapping
potential. While the published potential provides an
accurate approximation to the change in impurity± He
interaction with impurity translation and rotation (as
long as the solvation structure around the impurity is
not truncated by the surface of the droplet) , it also
implicitly assumes that the `missing’ interaction of the
helium displaced by the impurity is independent of the
position of the latter. When the impurity is displaced
from the centre of the droplet, its interaction with the
helium is reduced, but at the same time, there is a net
helium transport in the opposite direction, and the total
He± He attraction will increase. The e� ect is quite
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analogous to the well known buoyancy correction to the
gravitational potential of an object in a ¯ uid, and thus
we will give the same name to the corrections for this
term in the present case. In the approximation of a
cavity much smaller than the size of the droplet, the
leading correction is found by replacing the C6 for the
impurity± He long range interaction by C6 ¡ D nCHe

6 ,
where D n is the net number of helium atoms displaced
by the impurity and CHe

6 ˆ 1:430 Eh a6
0 is the He± He C6

coe� cient [7]. For an atomic impurity, D n ˆ
4º

„
…»e ¡ »…r††r2 dr, where »e is the equilibrium helium

number density (0.0218 A
¯ ¡3) and »…r† is the radial dis-

tribution of He density around the impurity. In the
`bubble model’ [8], D n ˆ …4=3†º¼3»e, where ¼ is the
radius of the bubble which will be expected to be
nearly the zero-potential radius of the impurity± He
potential.

Table 1 contains the C6, the bubble model prediction
for D n, and the buoyancy-corrected e� ective C6 for
motion of alkali atoms in helium nanodroplets. It is
seen that the buoyancy correction almost matches the
bare alkali± He interaction. Regardless of whether the
net C6 is positive (implying the centre is a potential mini-
mum) or negative (implying a maximum), it is evident
that the energetic cost of interior displacement of an
alkali impurity is at least one order of magnitude less
than that estimated neglecting the buoyancy correction.
As such, we can now predict that, even if there is a
barrier to ejection of the alkali atom from the droplet
interior, this barrier is at most ¹1 K, and thus that it can
be easily overcome by thermal energy even at the dro-
plet’ s temperature. Thus, the experimental lack of meta-
stable interior atoms is now easily rationalized. For
atoms and molecules more strongly solvated by the
helium, the buoyancy corrections are expected to be
smaller. This is because the strongly enhanced solvation
density near the impurity will at least partially compen-
sate for the helium displaced from the repulsive regions
of the potential. For example, using the isotropic helium

density around SF6 reported by Barnett and Whaley [11],
a D n ˆ 0…§1† is calculated, leading to a buoyancy cor-
rection to the e� ective potential for impurity motion of
less than 4%.

For molecular impurities, the anisotropy of the dis-
placed helium will contribute to the anisotropy of the
net potential, which couples impurity translational and
rotational motions [4]. Consider an axially symmetric
impurity at a distance a from the centre of a droplet
of radius R, making an angle À between the symmetry
axis of the molecule and the displacement vector from
the centre of the droplet. We describe the axially sym-
metric helium density as »…r;³† around the impurity.
Doing a second-order Taylor expansion of the inter-
action with respect to displacement and then averaging
over the di� erence »e ¡ »…r;³† gives the following
expression for the buoyancy contributions to the poten-
tial :

D UBuoyancy

V He
2

ˆ ¡ R6

…R2 ¡ a2†3

…
‰»e ¡ »…r; ³†Š dV

¡ 3R6

…R2 ¡ a2†4 1 ‡ 4
3

a2

R2 ¡ a2

" #

£
…
‰»e ¡ »… r; ³†Šr2 dV ¡ 6R6a

…R2 ¡ a2†4

£
…
‰»e ¡ »…r; ³†Šr cos…³† dV cos…À†

¡ 16R6a2

…R2 ¡ a2†5

…
‰»e ¡ »…r; ³†Šr2P2…cos…³†† dV

£ P2…cos…À††; …1†

where V He
2 ˆ 4º»eC

He
6 =3R3… sets the natural energy

scale for the buoyancy correction. These expressions
allow the leading buoyancy correction terms to be cal-
culated from the anisotropic He solvation density. Using
the He density around HCN recently calculated by
Draeger and Ceperley [12] using the Path Integral
Monte Carlo method, the above integrals have been
evaluated. In this calculation, »e ˆ 0:019 27 A

¯ ¡3
was

used since this is the helium density found `outside’ the
solvation structure but before the density drop as the
surface of the droplet is approached. The ® rst integral
gives a net displacement of ¡17 He atoms (i.e. an
enhancement). This leads to a predicted buoyancy
correction to the force constant ¹1.6 times as large
as that predicted based upon the HCN± He interac-
tions alone. This will lead to a predicted increased
con® nement of the HCN near the centre of the nano-
droplet. Previously, the dominant anisotropic term was
the P2…cos…À†† term. Using the calculated value of
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Table 1. Buoyancy corrections for the interaction of an
alkali atom with a helium nanodroplet. The He± M ¼
values are taken from the ab inito calculations of
Pascale [9]. C6 coe� cients given in atomic units (i.e.
Eha6

0 ). The He± M C6 coe� cients are taken from
KleinekathoÈ fer et al. [10] and the He± He C6 coe� cient
taken from Spelsberg et al. [7].

¼=A
¯

D n ¡D n C6 (He± He) C6 (He± M) C6 (e� ective)

Li 5.36 14.1 720.2 22.507 2.3
Na 5.5 15.1 721.8 23.768 2.0
K 6.44 24.4 734.9 34.038 70.9
Rb 6.69 27.2 739.0 36.289 72.7
Cs 7.14 33.2 747.5 41.417 76.1



„
‰»e ¡ »…r; ³†Šr2P2…cos…³†† dV ˆ 32 A

¯ 2
, the leading ani-

sotropic term for small displacements from the centre is
found to have a buoyancy correction of ¹¡0.12 times
the direct HCN± He term. The e� ect of these changes are
not expected to change the qualitative predictions of the
previous paper, although quantitatively, the importance
of the potential anisotropy will be reduced and the
hydrodynamic coupling increased. The author plans to
revisit the prediction of inhomogeneous lineshapes once
he has obtained estimates of the C± H vibrational depen-
dence of the C6 coe� cients, since the existing experi-
mental data indicates a strong vibrational dependence
of the lineshapes of the R(0) transitions.
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